A seven degree-of-freedom (DOF) dynamic model was developed to provide insight into the flight behavior of Type 200 and other related Lightcraft, and to serve as a research tool for developing future engine-vehicle configurations for laser launching of nano-satellites (1-10+ kg). Accurate engine, beam, and aerodynamics models are included to improve the predictive capability of the 7-DOF code. The aerodynamic forces of lift, drag, and aerodynamic pitching moment were derived from Fluent computational fluid dynamics predictions, and calibrated against limited existing wind tunnel data. To facilitate 7-DOF model validation, simulation results are compared with video analysis of actual flights under comparable conditions. Despite current limitations of the 7-DOF model, the results compared well with experimental flight trajectory data. *
Mexico [1] . One lightcraft model in particular, the Type 200, has exhibited an unusual ability to "ride" the laser beam, consistently re-centering itself after being perturbed. Because of these characteristics, the #200-5/6 model lightcraft holds the current world altitude record of 71 meters set on October 2, 2000. In an attempt to improve the understanding of flight data, thrust performance, and beam-riding characteristics of the Type 200 lightcraft, an effort is underway to develop and validate a general physics-based simulation model that includes accurate dynamics, aerodynamics, engine, and laser beam models. The first attempt at modeling the flight dynamics with a 6-DOF code was performed by Libeau [2] .
The ultimate goal is to produce a research tool that can facilitate invention of new lightcraft engine/vehicle geometries, assist creation of active flight control systems, and enhance understanding of experimental flight trajectories. Initial results from this multi-disciplinary, 7-DOF code development effort are summarized in the present paper.
Kurt S. Anderson CND-07-1187 4
To date, all lightcraft flown at WSMR have been constructed from 6061-T6-511 aluminum as thin-shell (e.g., 0.245 mm wall thickness) bodies of revolution, completely symmetric about the vertically-oriented spin axis. In these demonstration flights, the vehicle was boosted by a 10 kW CO 2 electric discharge laser known as the Pulsed Laser Vulnerability Test System (PLVTS), located on the High Energy Laser System Test Facility (HELSTF) at WSMR. The laser produces a hollow square beam profile whose dimensions can be varied with telescope-like optics to match the size of the lightcraft shroud. The propulsive reaction received by the lightcraft system from repetitive laser-induced detonations embodies three linear impulses and three angular impulses. However, of these, only the thrust impulse, side (restoring) impulse, and pitching angular impulse dominate the craft's flight behavior. The thrust impulse propels the vehicle skyward, whereas the side impulse attempts to center the lightcraft in the laser beam; the pitching impulse, which results from a lateral offset, tends to tip the vehicle. To minimize effects from this pitching impulse, and to prevent tumbling, the lightcraft is spun to approximately 10,000 RPM about its axis of symmetry prior to launch.
This initial spin rate stabilized the lightcraft, and provides the additional benefit of insuring that the proportion of the reflector being illuminated by a particular portion of the beam is always changing. This distribution of beam energy is important because local "hot spots"
in the beam would more quickly result in localized engine overheating and burn through.
Additionally, the spinning of the lightcraft relative to the flow, greatly increases convective cooling of the reflector, and prolongs reflector life.
In the straight airbreathing mode, superheated air is the only propellant, and the and focal region of the lightcraft optic begins to heat up almost immediately. The overheating of the lightcraft "engine" is marked by a significant drop in thrust as beam energy goes into the heating of the engine material instead of the air which provides thrust. This overheating becomes catastrophic as the optic focal region begins to melt, resulting in the near total loss of thrust and the destruction of the lightcraft model.
To improve engine thrust beyond that attainable with the airbreathing mode, a solid ablative propellant ring of Delrin is inserted into the annular shroud at the focus of the primary optic. Not only does this propellant increase engine thrust by a factor of 2.5, but the ablating Delrin helps to cools the shroud. Without such cooling, the aluminum shroud predictably fails at the 100th laser pulse-e.g., after 4 seconds of operation at 25 Hz with 420
Joule pulses. Hence, all altitudes beyond 30 m have used Delrin . The Type 200 lightcraft currently under development serves as a research craft for evolving future laser-propelled launch vehicles with superior performance.
Model Development
The present seven degree-of-freedom model represents the spinning lightcraft as a gyrostat [3] , shown schematically in figure 2. This represents a "despun" payload compartment/carrier B with mass center B * ; a symmetric spinning rotor R, with mass center R * ;
and the system center of mass S * , all located relative to a well established design reference point P , and dextral basis vectorsb 1 ,b 2 ,b 3 , fixed in reference frame (body) B. For all cases considered here the rotation axis of the rotor is defined to be parallel to directionb 1 , which is nominally the preferred flight direction. The carrier is then acted upon by laser impulses, gravity and aerodynamic loads. This model has been produced with the intent of treating planned future lightcraft which will include such a despun equipment/crew platform, and been constructed for simulating and testing various proposed active reaction control systems. Each load acting on the lightcraft is determined from a engineering models which have been developed for this purpose. These forcing term models take in the lightcraft state and return the corresponding forcing values. The different models used for this purpose may be briefly described as:
Gravity -Gravity forces are determined using an inverse square gravitational field and is adjusted as needed to correctly consider the lightcraft altitude and motion, particularly as it pertains to achieving orbital trajectories. The Engine Model -The energy flux associated with a laser pulse entering the optic is integrated over the optic, yielding the total laser energy captured by the optic for the laser pulse being considered. Additionally, the engine-beam model then determines the centroid of this distributed energy pulse within the optic. The engine model then utilizes these captured energy and energy centroid location estimates within the optic for the given laser pulse to produce values for the translational and rotation impulses imparted to the lightcraft by the pulse. The model used is a parameterization of experimental data collected in [2] .
Laser Thrust Forces and Moments -
Aerodynamic Loads -The aerodynamic drag D A , lift L A , and tipping moment M A , used in this treatment are modeled as
.
Within these equations, ρ is the local air density, v is of the speed of the craft relative to the air flow, and S is the planform area, while C D , C L , and C M are the aerodynamics coefficients of drag, lift, and pitching moment, respectively. These aerodynamic forces are then applied to the light in the convention indicated in figure (3) . Additionally, the spin deceleration of the craft due to aerodynamics drag was also approximated by an exponential decay function, with the decay rate obtained from laboratory experiments. The spin deceleration is realized by the application of an appropriate aerodynamic moment T about the spin axis and is given by
Reaction Control System (RCS) -The associated dynamics model finally includes the ability to place RCS thrusters at any location and with any specified orientation on the lightcraft. Given the RCS thruster location, orientation, and thrust level, the appropriate forces and associated moments are automatically applied to the system with the mass properties of the lightcraft being adjusted to properly account for RCS propellant usage.
All the simulations discussed in this paper are associated with experimental flights, and lack a RCS system. The RCS capability was added such that this simulation tool, once validated could be used to aid in the design of the future lightcraft versions which are expected to possess active reaction control.
For all lightcraft so far built and flown, the entire system acts as the rotor. The "despun"
platform B is thus a massless reference frame and the system degenerates to a six degree-offreedom spinning, axially symmetric body, where the rotor rotation rate relative to B is a prescribedψ. For this idealized system, the rotational equations of motion for the lightcraft then take the form
For the results presented here, the lightcraft body spins at a constant rate with respect to a "despun" reference frame about the craft axis of symmetry. This despun reference frame nominally has a nonzero angular velocity ω = ω 1b1 + ω 2b2 + ω 3b3 , but is termed "despun" because ω i ≪ψ (i = 1, 2, 3). The angular velocity of the lightcraft rotor with respect to the Newtonian (inertial) reference frame is then given by
And the system angular acceleration is
This form of the model exploits system symmetries and permits significantly larger temporal integration steps to be taken while maintaining both integrator stability and accuracy which was not done in [2] . The model was created using Autolev [5] , a dynamic modeling software that uses Kane's method [6] to develop the equations of motion. The actual mathematical model on which the associated simulation code was produced is significantly more general than this, permitting the masses and associated mass properties of the carrier and/or rotor to vary with time, permitting the accurate consideration of propellant usage.
To accurately capture the behavior of future lightcraft flights to extreme altitudes, the Newtonian reference frame, with associated basis vectorsn 1 ,n 2 ,n 3 , was taken to be the standard de-spun Earth reference frame [7] placed at the Earth's center and aligned such that If t k is the time at which the impulsive thrust occurs, then the lightcraft translational equation of motion may be written as
and the rotational equations become
In these equations the terms F N and M During the majority of each launch, the laser is off between very brief pulses/firings of nominally 1.8 × 10 − 5 second duration at a pulse rate of 25-27 Hz. This allows the plasma and ablated propellent which is created by the prior laser pulse to vent and fresh air to enter the "combustion" region of the optic before the next laser discharge. As such the laser pulses are active only 0.045% of the time, so their treatment as impulsive in this model is valid.
This being the case the laser impulsive terms in eqns. 10 and 11 are not considered except at times t k , and the equations of motion may be integrated directly by conventional means.
However, at times t k the very large and rapidly changing thrust terms will be difficult to temporally integrate properly.
To circumvent these numerical temporal integrations difficulties at time t k the simulation code has be written such that it does not need to actually integrate through these laser pulses.
If it is determined that a laser pulse will occur during the next temporal integration step, then that integration step size is adjusted so that the step will finish at t k ± ǫ, where ǫ was nominally 10 −6 seconds. At this time the impulse-momentum equations for the system may be compactly written as
The first term on the left-hand side of equation (12a) vanishes because the integrand F A is bounded, and the duration of the integration is effectively zero. The second term on the left-hand side of equation (12a) is the impulse imparted to the system resulting from the laser pulse, and is determinable from the combined engine-beam models using the known system geometry, local air properties and propellant type. The second term on the right-hand side of equation (12b) is known from system state at time t (13a) is the rotational impulse imparted to the system resulting from the laser pulse, and is determinable from the engine-beam models and the system state. The second term on the right-hand side of equation (13a) is also zero because its integrand is similarly bounded. Finally, the second term on the right-hand side of equation (13b) is known from the system state ar time t 
Comparison With Flight Data
Lightcraft flight trajectory data was extracted from WSMR videotapes using ImageExpress software. This experimental performance was then compared to the degenerate 6-DOF model simulations run under similar conditions (see Table 1 ). The experimental results were obtained using the PLVTS 10 kW CO 2 electric discharge laser with pulse rates ranging from 25-27 Hz and a pulse width of 18µs. Figure 9 shows a comparison of climb performance for an airbreathing PDE flight of the #200-5/6 with the simulation. The code simulation compares well with the flight for the full 2.5 seconds of available flight data. To capture the experimental data this well, an engine overheating model had to be included with the overall engine model to predict the decrease in thrust due to engine overheating. In effect the power "spills" over the sides of the engine, and the beam intensity varies significantly with location within the beam. Since the engine model is based on laboratory experimental data, the fact that so much power is not taken in is significant. This level of agreement between experiment and simulation results is surprising, given the relative simplicity of the engine and beam propagation models used in at this point in the simulation.
More recent trial simulations with improved (albeit still simplified) beam and engine models appear to match even finer scale variations in flight trajectory data. 
Conclusions
Other than Libeau's proprietary software [9] , no sufficiently robust flight dynamics code was 
